Adult primates have at least five known phenotypes of vomeronasal organ (VNO), ranging from the typical morphology seen in most other mammals to complete absence. With such morphological disparity, the phylogenetic value and any inferences on ancestral VNO morphology of the primate VNO are left uncertain. The present study investigated the VNO of embryonic and fetal Tarsius bancanus borneanus ( n = 4) in comparison with prenatal specimens from four other species of primates in an effort to clarify adult morphological variations. In all except one of the fetal primates, the VNO communicated to the nasopalatine duct. One exception occurred in the largest fetal Tarsius (25 mm crown-rump length), in which the VNO communicated with the nasal cavity alone. The vomeronasal neuroepithelium was well differentiated from a thinner, non-sensory epithelium in all Tarsius and New World monkeys studied, as well as late embryonic and fetal Microcebus myoxinus . In anterior sections, this neuroepithelium was found in a more superior location in Tarsius and New World monkeys compared with Microcebus myoxinus . In all primates, masses of cell bodies were found superior to the VNO, intermingled with nerve fibres.
Introduction
Adult primates have at least five known phenotypes of vomeronasal organ (VNO), ranging from the typical morphology seen in most other mammals to complete absence (see Smith et al. 2001 Smith et al. , 2003 . Lemuriformes (lemurs and lorises) have VNOs that are rather typical of mammals, with an inferomedial, thick neuroepithelium, and a thinner, lateral non-sensory epithelium.
The degree of disparity in VNO epithelial morphology among all other primates has led to confusion regarding homology and function when making interspecific comparisons (for further discussion see Smith & Bhatnagar, 2000; Smith et al. 2001) , and leaves the systematic value of the VNO in doubt. This report concerns characteristics of the VNO in tarsiers, extant primates of debated phylogenetic affinity to other primate taxa (Hofer, 1979; Ankel-Simons, 2000) .
In two alternative classifications of primates, the infraorder Tarsiiformes is variously classified within the Suborder Prosimii (with Lemuriformes) or the suborder Haplorhini (with Anthropoidea: monkeys, apes and humans) (Kay et al. 1997; Fleagle, 1999; AnkelSimons, 2000; Ross, 2000) . Because tarsiers have been phylogenetically separated from other primates for at least 45 million years (Kay et al. 1997) , shared features with other primates may reflect the VNO morphology of a common ancestor. Moreover, because soft tissue structures such as the VNO and associated cartilages are not preserved in the fossil record, comparisons of extant taxa represent the only means for inferring the morphology of ancestral primate VNO epithelium. The vomeronasal complex of tarsiers has cartilaginous similarities to lemuriforms and epithelial similarities to anthropoids (Starck, 1975; Wöhrmann-Repenning & Bergmann, 2001) . In adult tarsiers, the VNO itself has been described as vestigial (Hill, 1955) or well developed (Starck, 1975) . Specifically, the VNO resembles that found in some New World monkeys, for which neither of these descriptors may be entirely suitable (Smith et al. 2001) . As adult anthropoids exhibit most of the phenotypes described for the primate VNO, the ability to infer synapomorphic characteristics is particularly challenging. Recent studies show that an incomplete picture of VNO ontogeny in primates exacerbates this dilemma (Smith et al. 2001 .
Previously, prenatal samples have been instrumental in demonstrating homology of variant forms of VNOs in adult primates (Smith & Bhatnagar, 2000) , but crossage samples of prenatal primates are rare. Herein, late embryonic and fetal tarsiers ( Tarsius bancanus ) from the Hubrecht Laboratory were described regarding epithelial organization of the VNO with a comparison to prenatal anthropoids and lemuriforms available from the Bluntschli collection (Department of Mammalogy, American Museum of Natural History).
Materials and methods
Specimens of Tarsisus bancanus ranged from 13 to 25 mm crown-rump length (CRL), including a specimen from a late embryonic stage (VNO fully formed, with unfused secondary palate) and three fetal specimens (Table 1) . Three of these previously had been sectioned at 10-15 µ m and were on loan to T.D.S. from the Hubrecht Laboratory. Also on loan from this collection was an unsectioned fetal head blocked in paraffin. This head was serially sectioned at 10 µ m in the coronal Sp 
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The smallest ( ( Fig. 1c,d ). This tube ended as a small epithelial mass after a length of about 105 µ m, and communicated with the nasal cavities via a minute lateral aperture.
Among other primates, only the prenatal Microcebus myoxinus could be matched to tarsiers at all approximate stages of VNO maturation. The vomeronasal duct communication developed in embryos similarly to that observed for Tarsius , i.e. the VNO opened into the nasal cavity in the smallest embryos examined (Fig. 1e ), but in specimens where secondary palate formation had occurred the VNO opened into the nasopalatine duct via a short duct (Fig. 1f) . In contrast to the largest tarsier fetus, this communication was maintained in all older Microcebus fetuses, with a more prolonged vomeronasal duct. The secondary palate had already formed in all three New World primates examined, and in each case the VNO opened into the nasopalatine duct.
The VNO of the smallest tarsier could not be measured because section thickness was not known, but the three fetal tarsiers had VNO ranging from 370 to 495 µ m in length (Table 1 ). The VNOs of the 13-mm Prenatal Microcebus had VNOs ranging from 140 to 1395 µ m in length. In the smallest Microcebus embryos (7.5-9 mm CRL), the thickness of the vomeronasal epithelium was nearly equal on all sides (Fig. 3a,b) . In all larger embryos and fetuses, a well-developed neuroepithelium was seen medially (Fig. 3c) . In late embryos and early fetuses, the posterior-most part of the VNO epithelium had nearly equal thicknesses medially and laterally ( Fig. 2g -i) , whereas in the largest fetuses, the entire anteroposterior extent of the VNO was well divided into medial sensory and lateral non-sensory epithelia. All New World primates showed sensory and non-sensory regions. Anteriorly, the sensory epithelium was more superomedial compared with that in Microcebus . The fetal Saimiri sciureus showed a medial rotation of the sensory epithelium from anterior toward posterior parts of the VNO, with no mediallateral differences in thickness posteriorly (Fig. 2d-f ). Only the fetal Saimiri had a recorded sectional thickness, and the VNO was 460 µ m long.
In all species examined, masses of cell bodies were observed superior to the VNO within the septal mucosa ( Fig. 3a-d ,h,j). These cell bodies varied in size from small, possibly neuroblastic cells to ganglionic bodies, and were found in close association with nerve fibres connecting to the VNO (Fig. 3j) . In Microcebus , these cells were easiest to detect in embryos and early fetuses ( Fig. 3a- 
c). The cells were not visible in the embryonic
Tarsius , but dense eosinophilia of the tissue may have obscured them if present. All fetal tarsiers had ganglionic and /or other cell bodies present superior to the VNO (Fig. 3h,j) . In addition, cells bodies were seen intermingled with nerve fibres in more anterior positions in one of the 20-mm Tarsius fetuses (Fig. 3f,g ). Columns of cell bodies, without clearly associated nerve fibres, were seen in association with the superior blind-ending epithelial tube of the 25-mm Tarsius .
Discussion
Primitively, the mammalian VNO is composed of two distinct epithelial compartments, including a ventromedial neuroepithelium and a dorsolateral, non-sensory epithelium (or receptor-free epithelium, Breipohl et al. 1979; Sánchez-Villagra, 2001 (Smith et al. 2001 (Smith et al. 2001; Wöhrmann-Repenning & Bergmann, 2001 ).
In adult tarsiers, characteristics of the vomeronasal complex are ambiguous in terms of phylogeny. Adult
Tarsius has been reported to have a VNO opening into the most posterosuperior end of the nasopalatine duct, near the nasal cavity itself, and cartilaginous similarities to lemuriforms (Starck, 1975; Wöhrmann-Repenning & Bergmann, 2001) . Existing descriptions of adult tarsiers imply a VNO epithelial morphology similar to that of some New World monkeys, specifically a uniform neuroepithelium (Woolard, 1925; Starck, 1975; Wöhrmann-Repenning & Bergmann, 2001 ).
The most notable characteristic seen in the prenatal Microcebus had a more medial or even inferomedial position to the sensory epithelium. A superior position of the neuroepithelium occurs initially in development in most mammals, but differential growth results in a more inferior (ventromedial) position soon after the VNO is formed (Garrosa et al. 1998) .
A universal characteristic seen in this sample, at least in embryos and early fetuses, was the presence of cell bodies intermingled with nerves superior to the vomeronasal nerve. Ganglia and other cells were not as clearly identifiable in association with nerves of larger fetal Microcebus , but the stains used on these specimens were not ideal for recognizing them. The nerves, based on their location and connection to the VNO itself, corresponded to vomeronasal and terminal nerve branches, which are intimately associated with one another in fetal humans and other mammals ('vomeronasal-terminal nerve complex' of Brown, 1987) . Morphologically, the masses of larger cell bodies resembled paravomeronasal ganglia previously described in bats (Bhatnagar & Kallen, 1974) . These ganglia also had a strong resemblance to descriptions of luteinizing hormone-releasing hormone (LHRH) ganglia as seen in other mammals, including humans, which derive from olfactory placode and vomeronasal epithelia (Boehm et al. 1994) . Scattered smaller-bodied cells superior to the VNO, and fusiform cells found more anteriorly in association with nerve fibres (possibly olfactory or terminal nerve branches; Fig. 3g ), also resembled existing descriptions of LHRH cells (Boehm et al. 1994; Schwanzel-Fukuda, 1999) .
Taken in the context of existing data on the primate VNO, there are possible implications regarding the ancestral vomeronasal system of primates. First, it is increasingly apparent that olfactory placode and its derivatives are a source of LHRH neurons in most, if not all, mammals (Schwanzel-Fukuda, 1999) . In rodents, the majority of LHRH migration occurs before the VNO has fully formed (Schwanzel-Fukuda, 1999) . Although immunohistochemical data are not available on these archival samples, the morphological observations herein suggest that humans are not unique in exhibiting a more prolonged peripheral presence of LHRH neurons in association with vomeronasal epithelia (Boehm et al. 1994; Kjaer & Fischer Hansen, 1996) .
A second point may have more systematic value. An unexpected finding was that the prenatal VNO morphology in Tarsius bancanus and the New World monkeys examined were contradictory to all existing descriptions of adults (Table 2) . This is especially notable in light of existing, detailed descriptions of adult VNO morphology in Tarsius and Saimiri , each of which was previously described to have a uniform sensory epithelium comprising the VNO (Woolard, 1925; Starck, 1975; Mendoza et al. 1994; Wöhrmann-Repenning & Bergmann, 2001 ). Together, these findings support the recent suggestion that New World primates may pass transiently through a stage in which the VNO is (primitively) divided into sensory and non-sensory epithelia . Another transient feature of New World primates and Tarsius may be the communication point of the VNO opening. In adult New World primates and Tarsius, the VNO opens into a more posterosuperior part of the nasopalatine duct than in lemuriforms (Table 2 ). An explanation for the contra- 
